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Remote spatial indistinguishability of identical subsystems as a direct controllable quantum resource at distant
sites has not been yet experimentally proven. We design a setup capable to tune the spatial indistinguishability
of two photons by independently adjusting their spatial distribution in two distant regions, which leads to
polarization entanglement starting from uncorrelated photons. The amount of entanglement uniquely depends
on the degree of remote spatial indistinguishability, quantified by an entropic measure I, which enables
teleportation with fidelities above the classical threshold. This experiment realizes a basic nonlocal entangling
gate by the inherent nature of identical quantum subsystems.
Discovering how fundamental properties of quantum con-
stituents can facilitate preparation and control of composite
systems is strategic for the scientific progress. In fact,
this achievement has an impact both on the advance of our
knowledge of the basic features of the natural world and on the
development of quantum-enhanced technologies, simplifying
the experimental challenges. Many-body quantum networks
are usually composed of identical building blocks (subsystems
or particles of the same species), such as atoms, electrons,
photons or generic qubits [1–6]. Indistinguishability of iden-
tical subsystems thus emerges as an inherent quantum feature
that may play a role in quantum information processing.
The usual requirement to implement quantum tasks in
many-body systems is that the qubits are individually ad-
dressed [7, 8]. For nonidentical qubits, this requirement
is fulfilled by local operations and classical communication
(LOCC), where the term “local” refers to particle-locality
independently of their spatial configuration [8]. On the
other hand, identical qubits are not in general individually
addressable [9], spatial distribution of their wave functions
becoming crucial. Despite the long debate concerning formal
aspects on entanglement of identical particles [10–29] and
some proposals using particle identity for quantum protocols
[6, 30–38], experimental evidence of spatial indistinguisha-
bility as a direct resource in quantum networks has remained
challenging, because of the lack of both an informational
measure of its degree and a technique to control it.
Here we experimentally implement the operational frame-
work based on spatially localized operations and classical
communication (sLOCC) which, at variance with the idea
of particle locality, relies on the concept of spacial locality
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of measurement as in quantum field theory [37]. The setup
is capable to control the distribution of the wave packets
of two initially-uncorrelated identical photons towards two
separated operational regions where the photons are collected.
This allows us to continuously adjust the degree of their
spatial indistinguishability at a distance, which is quantified
via a suitable entropic-informational measure [39]. The two
photon paths remain separated along the setup and only
meet in the operational regions. By single-photon localized
measurements, we prove that the two uncorrelated photons
with opposite polarizations get entangled, the amount of
entanglement being only related to the degree of remote
spatial indistinguishability. We finally show that the nonlocal
entanglement so generated is high enough to realize condi-
tional teleportation of the state of an additional photon with
fidelities higher than the classical threshold.
Theory. We start describing the basic theoretical setup
thought to create and observe nonlocal entanglement by
sLOCC-based indistinguishability, depicted in Fig. 1a. Two
separated identical particles, coming from independent
sources, have pseudospins ↑ and ↓, respectively, being
in the initial uncorrelated state |ψ ↑, ψ′ ↓〉. Each particle
wave packet is then distributed in a controllable manner
towards two separated operational regions L and R by a
beam splitter (BS), |ψ〉 BS−−→ |ψD〉 and |ψ′〉 BS−−→ |ψ′D〉. The
sLOCC measurements, represented by the two detectors in
Fig. 1a, are realized by single-particle counting performed
locally in the two regions (sLO) and coincidence measures
(CC). Thinking of photons as identical particles, this scheme
can be seen as a modified version of the Hanbury Brown
and Twiss (HBT) experiment [40, 41], the modification
consisting in initially polarizing the photons and controlling
the spatial distribution of their wave packets. Before
sLOCC measurements, the two particles are in the state
|Ψ〉 = |ψD ↑, ψ′D ↓〉, written in the no-label formalism
[26], where |ψD〉 = l |ψL〉 + r |ψR〉 (|l|2 + |r|2 = 1) and
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2FIG. 1. Theoretical scheme. a. The conceptual setup thought to
produce and verify entanglement by sLOCC due to remote spatial
indistinguishability. b. Generic spatial distribution of particles in the
state |Ψ〉 = |ψD ↑, ψ′D ↓〉 before sLOCC, with |ψD〉 = l |ψL〉 +
r |ψR〉 and |ψ′D〉 = l′ |ψ′L〉+ r′ |ψ′R〉 (0 < I < 1).
|ψ′D〉 = l′ |ψ′L〉 + r′ |ψ′R〉 (|l′|2 + |r′|2 = 1), with |ψX〉,
|ψ′X〉 (X = L, R) indicating the two particle wave packets
located in the operational region X. Notice that this state
would be uncorrelated if the particles were nonidentical. In
fact, independently of their spatial configuration, the particles
could be individually addressed by measurements which
distinguish them from one another: the state would be a
product state |ψD ↑〉 ⊗ |ψ′D ↓〉 [8]. Our particles are identical
and not individually addressable in the measurement regions.
The question then arises whether |Ψ〉 contains useful quantum
correlations between pseudospins in L and R, a conceptual
problem which has been longly debated [37].
While particle identity is an intrinsic property of the system,
one can define a continuous degree of indistinguishability
which quantifies how much a given measurement process can
distinguish the particles. In our setup, considering localized
single-particle counting which ignores any other degree of
freedom, it is natural to define a spatial indistinguishabil-
ity which is nonzero when the two particles have nonzero
probability to be found in both separated (remote) regions L
and R. This means that the particle paths need to meet only
at the detection level, so that to the eyes of the localized
measurement devices the particles are indistinguishable (see
Fig. 1b). We use the recently-introduced entropic measure for
the sLOCC-based (remote) spatial indistinguishability [39]
I = −
2∑
i=1
p
(i)
LR log2 p
(i)
LR, (1)
where p(1)LR = |lr′|2/(|lr′|2 + |l′r|2) and p(2)LR = 1 − p(1)LR
(see appendix A for details). Notice that |lr′|2 is the joint
probability of finding a particle in L coming from |ψD〉 and
a particle in R coming from |ψ′D〉, whilst |l′r|2 is clearly
the vice versa (see Fig. 1b). This measure ranges from
I = 0 for spatially separated wave packet distributions
(|l|2 = |r′|2 = 1 or |l|2 = |r′|2 = 0) to I = 1
for equally distributed wave packets (|l|2 = |l′|2) (see ap-
pendix B). We stress that any other degree of freedom of
the particles, apart their spatial location, has no effect on
I. Localized single-particle counting is represented by the
projection operator ΠˆLR =
∑
σ,τ=↑,↓ |Lσ,Rτ〉 〈Lσ,Rτ | on
the operational subspace, which leaves the pseudospins (and
any other degree of freedom) untouched. The action of ΠˆLR
on |Ψ〉 = |ψD ↑, ψ′D ↓〉 is predicted to produce the state [37]
|ΨLR〉 = (lr′|LH,RV 〉+ ηrl′|LV,RH〉)/(
√
|lr′|2 + |rl′|2),
(2)
obtained with probability PLR = |lr′|2 + |rl′|2, where
η = ±1 for bosons and fermions, respectively. The amount
of entanglement of this state, whose nature is intrinsically
conditional, only depends on the degree of remote spatial
indistinguishability I.
Experimental setup and preparation. The all-optical
experimental setup which realizes the theoretical scheme
above is displayed in Fig. 5a. Two (uncorrelated) photons
are emitted via spontaneous parametric down conversion
(SPDC) from a BBO crystal, designed to satisfy beamlike
type-II SPDC [42] and pumped by pulsed ultraviolet light
at 400 nm. The use of a single BBO crystal instead of
two independent sources is only due to stabilization reasons.
The two photons (each with wavelength 800 nm) are initially
polarized in |H〉 (horizontal, H ≡↑) and |V 〉 (vertical, V ≡↓)
polarization, respectively, and then collected separately by
two single-mode fibers via fiber couplers (FCs). At this
stage, the photons are completely uncorrelated in the product
state |H〉 ⊗ |V 〉, as verified with very high fidelity (99.9 ±
0.1)% by initial measurements (see appendix C). Before
carrying on the main experiment for tuning the remote spatial
indistinguishability of the two photons, we perform the usual
two-photon interference to reveal the identity of the employed
operational photons characterized by the visibility of Hong-
Ou-Mandel (HOM) dip [43], which gives a solid value of
about 97.7% (see appendix C). The BSs of the scheme in
Fig. 1a modulating the spatial distribution of the wave packets
ψD, ψ′D are actually substituted by the sequence of a half-
wave plate (HWPi, i = 1, 2), a polarizing beam-splitter
(PBS) and two final HWPs at 45◦ before the location L.
By rotating HWP1 and HWP2, characterized by the angles
(pi/2 − α)/2 and −β/2, respectively, we can conveniently
adjust the weights of the linear spatial distribution of the
photons on the two measurement locations, while the PBSs
separate the different polarizations. The final HWPs at 45◦
have the role of maintaining the initial polarization of each
photon unvaried. In each region L and R one beam displacer
(BD) is used to make the paths of the two photons meet
at the detection level. It is straightforward to see that this
setup prepares the desired state |Ψprep〉 = |ψDH,ψ′DV 〉 with
|ψD〉 = cosα |ψL〉 + sinα |ψR〉 and |ψ′D〉 = sinβ |ψ′L〉 +
cosβ |ψ′R〉. By setting α and β, we can prepare a series of
3FIG. 2. Experimental setup. a. State preparation. Independently using fiber couplers (FCs), half-wave plates (HWPs) and polarized beam
splitters (PBSs), two oppositely-polarized uncorrelated photons are distributed towards two separated local regions L and R. In each region,
one beam displacer (BD) is used to make the photon paths only meet at the detection level. The inset displays the unit of polarization analysis
detection (PAD), including a quarter-wave plate (QWP) and a final single-photon detector (SPD). b. Quantum teleportation realization. The
PAD is removed and the photons in L proceed towards the Bell state measurement (BSM) with coincidence device (CD). The additional photon
state to be teleported is generated in L′ (see appendix C for details).
|Ψprep〉 for different spatial distributions of the wave packets
and thus of the degree of spatial indistinguishability I. All
the optical elements of the setup independently act on a single
photon, so that the two single-photon states |ψDH〉, |ψ′DV 〉
are independently prepared regardless of the specific photon
spatial mode (e.g., transversal electric magnetic mode such as
Hermite-Gaussian mode or Laguerre-Gaussian mode).
The sLOCC measurements are implemented by single-
photon detectors (SPDs) placed on both L and R for single-
particle counting (sLO) and by a coincidence device (CD),
which deals with the electrical signals of SPDs and outputs
the coincidence counting on L and R, for classical communi-
cation (CC). An interference filter, whose full width at half
maximum is 3 nm, and a single mode fiber (both of them
are not shown here) are placed before each SPD. A unit
of polarization analysis detection (PAD), made of a quarter-
wave plate (QWP), a HWP and a PBS (see inset of Fig. 5a),
is locally employed for verifying the predicted polarization
entanglement by tomographic measurements and Bell test.
Nonlocal entanglement from remote spatial indistin-
guishability. The setup above generates by sLOCC the
distributed resource state |ΨLR〉 of Eq. (2), with η = 1
(bosons), l = cosα, r = sinα, l′ = sinβ and r′ = cosβ,
contained in the prepared state |Ψprep〉. As a first point, we
notice that no entanglement is found when the two spatial
distributions remain separated each in a local region. In fact,
in this case I = 0 since the two photons are distinguished
by their spatial locations. This situation is retrieved when
α = β = 0 (pi/2), giving |ψD〉 = |ψL〉 (|ψR〉) and |ψ′D〉 =
|ψ′R〉 (|ψ′L〉). The final state of the experiment becomes the
product state |ΨLR〉 = |LH,RV 〉 (|LV,RH〉). Observations
confirm this prediction of uncorrelated state with high fidelity.
Notice that zero entanglement also occurs when |ψD〉, |ψ′D〉
only share one of the two operational regions (e.g., α = pi/4,
β = 0, pi/2), for which I = 0 (see appendix D).
We verify the amount of produced entanglement as a
function of I by adjusting different spatial distributions |ψD〉,
|ψ′D〉 on the two operational regions L and R. To this aim we
fix α = pi/4, for which |ψD〉 = (|ψL〉+ |ψR〉)/
√
2 and
|ΨLR〉 = cosβ |LH, RV 〉+ sinβ |LV, RH〉 . (3)
The concurrence C [44] of this state, used to quantify the
entanglement between L and R, is C(ΨLR) = sin 2β. From
Eq. (1), I = − cos2 β log2(cos2 β) − sin2 β log2(sin2 β)
which coincides with the entanglement of formation
Ef (ΨLR) of the state |ΨLR〉 [37]. Therefore, a monotonic
relation C = f(I) exists between concurrence and spatial
indistinguishability of the photons. We also perform the
experimental test of Bell inequality violation on the various
distributed resource states |ΨLR〉 to directly prove the
presence of (nonlocal) entanglement [45]. The Bell function
S is employed to perform a Clauser-Horne-Shimony-Holt
(CHSH) test [46] that, for the theoretically-predicted
state of Eq. (3), is S = 2
√
1 + C2 = 2
√
1 + sin2 2β
[8, 47]. Bell inequality is violated when S > 2, witnessing
quantum correlations non-reproducible by any classical local
model. The experimental results of C, obtained after state
reconstruction, and S as functions of both β and I are shown
in Fig. 3a-d. The results for S of most of the generated
states are above the classical threshold 2 (others do not
pass the CHSH test because of the imperfect behavior of
experimental elements), clearly demonstrating their nonlocal
4FIG. 3. Concurrence C (a, b) and Bell function S in the CHSH test
(c, d), for α = pi/4 (parameter fixing |ψD), versus β (parameter
adjusting |ψ′D) and I (remote spatial indistinguishability of Eq. (1)).
Blue lines in a, b, d and black curve in c are the theoretical
predictions. Pink dots in a and red points in c (with error bars) are
experimental results. Red and green dots in b (pink and green dots
in d) denote experimental data for, respectively, β ∈ [0, pi/2] and
β ∈ (pi/2, pi].
entanglement. For β = pi/4, |ΨLR〉 in Eq. 3 is expected to be
maximally entangled. In the experiment, in correspondence
of β = 0.776 ± 0.006 we achieve S = 2.79 ± 0.03, which
violates the Bell inequality by 26 standard deviations. The
generated state holds a fidelity of (98.6 ± 0.2)% compared
to the expected Bell state |Ψ+LR〉, whose reconstructed
density matrix is presented in Fig. 4a. Moreover, when
β = 3pi/4, that is when |ψ′D〉 = (|ψ′L〉 − |ψ′R〉)/
√
2 and |ψD〉
are orthogonal yet completely spatially indistinguishable
(I = 1), the Bell state |Ψ−LR〉 is expected. In the experiment,
this state is generated with fidelity (98.0 ± 0.8)% for
β = 2.352 ± 0.004, as shown in Fig. 4b. Looking at the
setup, these results supply strong experimental evidence that
the nonlocal entanglement is activated only by remote spatial
indistinguishability of photons.
To further check the correct interpretation of the findings,
we also performed the measurements when the two photon
paths are separated at the detection level. In this case we find
no quantum correlations because, as a standard consequence
of quantum mechanics, photons are distinguished and single-
photon probabilities multiply (see appendix D ).
Quantum teleportation. We now show that the amount of
the indistinguishability-enabled entanglement is high enough
to realize quantum teleportation. Notice that we can follow
the steps of the standard protocol [8, 48, 49], once the cases
when both photons are either in L or in R are discarded. The
teleportation is here intrinsically conditional [37]. The setup
is presented in Fig. 5b. A heralded single photon is generated
by pumping a second BBO crystal. One photon is used as
FIG. 4. Experimental results of the generated Bell states for I =
1. Panel a shows the real and imaginary part of the reconstructed
density matrix for α = pi/4 and β = 0.776 ± 0.006, the expected
state being |Ψ+LR〉. Panel b shows the real and imaginary part of the
reconstructed density matrix for α = pi/4 and β = 2.352 ± 0.004,
the expected state being |Ψ−LR〉.
the trigger signal while the other photon is sent to the side of
L′ as the target to be teleported. The combination of a HWP
and a QWP prepares the photon into an arbitrary state |φ〉 =
a |H〉+b |V 〉with |a|2+ |b|2 = 1. To teleport the information
of |φ〉 to the photon located in R, we perform a Bell-state
measurement (BSM) between L and L′. Here, the Bell state
|ΦLL′〉 = (|LH, L′H〉 + |LV, L′V 〉)/
√
2 is performed by
utilizing a PBS and setting the two HWPs at 22.5◦ [50, 51].
Correspondingly, the single-particle operation in R, rotating
the state of its photon to the desired one, is σx = |H〉 〈V | +
|V 〉 〈H|, implemented by a 45◦ HWP. The signals from two
SPDs are processed by a CD to coincide with the signals
from R and trigger. Performing quantum tomography of
single-qubit state in R, we obtain the teleportation information
according to four-photon coincidence counting. Quantum
teleportation is achieved exploiting the distributed Bell state
|Ψ+LR〉, generated by maximum spatial indistinguishability
(I = 1) of the original photons. We set α = β =
pi/4, implying |Ψ+LR〉 is obtained with maximum probability
(Psucc = 50%). The results of the interference in four-
photon coincidence provide a visibility about 87.9% (see
appendix E). The eigenvectors of σi (i = x, y, z) are chosen
as the additional photon states |φ〉 in L′ to be teleported, that
is |φideal〉 ∈ {|H〉, |V 〉, |±〉 = (|H〉 ± |V 〉)/
√
2, |φ±〉 =
(|H〉 ± i|V 〉)/√2}. First, we perform the tomography of the
effectively prepared ρprep in L′. Compared to |φideal〉, the
fidelity F = 〈φideal|ρprep|φideal〉 of ρprep in our experiment
is about 99.8%. With tomographic measurements performed
in R, the experimental teleported states ρexp could be re-
constructed based on the four-photon coincidence. The state
fidelity Fexp with respect to the initially prepared state ρprep
5state |H〉 |V 〉 |+〉
Fexp (%) 90.0± 2.0 84.7± 1.9 83.1± 2.0
state |−〉 |φ−〉 |φ+〉
Fexp (%) 82.2± 1.9 84.3± 1.7 86.3± 2.2
TABLE I. Fidelities of the six states ρexp with respect to the initially
prepared state in the quantum teleportation process.
is then introduced as a figure of merit for the teleportation
efficiency. For the six initial states listed above, without
background subtraction, the corresponding measured fidelities
are reported in Table I, being clearly higher than the classical
fidelity limit of 2/3 [52]. The quantum process matrix χ
of teleportation is also reconstructed by comparing ρprep
and ρexp, the experimental results giving a fidelity Fχ =
(79.4 ± 1.6)% (see appendix E). All error bars in this work
are estimated as the standard deviation from the statistical
variation of the photon counts, which is assumed to follow
a Poisson distribution.
Conclusion. We have designed a neat all-optical experi-
ment which generates nonlocal polarization entanglement by
only adjusting the degree of remote spatial indistinguishability
I of two initially-uncorrelated photons in two separated
localized regions of measurement. The value of I is tuned
by independently controlling the spatial distribution of each
photon wave packet towards the two operational regions. The
photon paths only meet at the detection level. The setup
implements the spatially localized (single-photon) operations
and classical communication (sLOCC) [37] necessary to di-
rectly assess the (monotonic) relation between I and the
amount of produced entanglement, which is verified by both
state tomography and CHSH-Bell test. We remark that the
realization of the sLOCC framework excludes any possible
measurement-induced entanglement to the initial state [37],
as may instead happen in optical interferometry with spread
detection [53]. Notice that if the setup was run by two initially
uncorrelated nonidentical particles, no entanglement would
be in principle generated and so detected by measurements
which distinguish one particle from another (LOCC). We have
finally performed teleportation between the two operational
regions, with fidelities (82-90%) above the classical threshold,
by just harnessing the spatial indistinguishability of photons in
those regions, with the advantage of not requiring inefficient
or demanding entanglement source devices.
Our experiment physically fulfills an elementary entangling
gate by simply bringing (uncorrelated) identical photons with
opposite polarizations to the same operational local regions
(nodes) and then accessing the (nonlocal) entanglement
by sLOCC measurements. As an outlook, multiphoton
entanglement can be produced by scalability of this
elementary gate. The results ultimately prove an inherent
quantum feature of composite systems: useful entanglement
from controllable remote spatial indistinguishability for
quantum networking.
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7Appendix A: Degree of remote spatial indistinguishability
In this section we summarize the theory which brings to the
definition of the entropic measure of spatial indistinguishabil-
ity of particles by sLOCC in two separated operational regions
[39], given in Eq. (1) of the main text.
Consider the state of two identical two-level subsystems
(particles) |Ψ(2)〉 = |χ1, χ2〉 = |ψ1σ1, ψ2σ2〉, where ψi (i =
1, 2) is the spatial degree of freedom and σi is the pseudospin
with basis {↑, ↓}). In general, |ψ1〉 and |ψ2〉 can be defined
in the same space regions so that they spatially overlap.
We are interested in defining the degree of remote spatial
indistinguishability I of two identical particles between the
local operational regions L and R, where both particles have
nonzero probability to be found. Such a definition has to
quantify how much the measurement process of finding one
particle in each location can distinguish the particles from one
another. Spatially localized operations (sLO) are thus made
by single-particle local counting ignoring the pseudospins,
represented by the projector
Π
(2)
LR =
∑
τ1,τ2=↑,↓
|Lτ1,Rτ2〉 〈Lτ1,Rτ2| , (A1)
which projects the original state onto the operational
subspace spanned by the computational basis BLR =
{|L ↑,R ↑〉 , |L ↑,R ↓〉 , |L ↓,R ↑〉 , |L ↓,R ↓〉}. We point
out that |L〉 and |R〉 represent, respectively, one particle in L
and one particle in R. Also, classical communication (CC)
is required to the detection level to know that each of the
two separated regions counted one particle. Indicating with
PXψi = |〈X|ψi〉|2 (X = L,R and i = 1, 2) the probability of
counting in |X〉 the particle coming from |ψi〉, the degree of
the (remote) spatial indistinguishability of qubits is [39]
I =− PLψ1PRψ2Z log2
PLψ1PRψ2
Z
− PLψ2PRψ1Z log2
PLψ2PRψ1
Z ,
(A2)
where Z = PLψ1PRψ2 + PLψ2PRψ1 represent the probability
that the two possible events (joint probabilities) occur. In
general, 0 ≤ I ≤ 1. If the spatial distributions |ψ1〉, |ψ2〉
of the particles are separated, we have maximal information
for distinguishing the particles and I = 0. Instead, I = 1
when PLψ1 = PLψ2 and PRψ2 = PRψ1 : in this case the
two spatial distributions have the same probability amplitudes
(in modulus), meaning that there is no information about the
origin (which way) of the two particles found one in L and
one in R.
For our theoretical and experimental setup, where |ψ1〉 ≡
|ψD〉 = l |ψL〉+ r |ψR〉 and |ψ2〉 ≡ |ψ′D〉 = l′ |ψ′L〉+ r′ |ψ′R〉,
we have PLψ1 ≡ PLψD = |l|2, PRψ1 ≡ PRψD = |r|2,
PLψ2 ≡ PLψ′D = |l′|2, PRψ2 ≡ PRψ′D = |r′|2. Therefore, the
expression of Eq. (A2) above for I becomes that of Eq. (1)
in the main text. Notice that this entropic measure of spatial
indistinguishability at a distance is completely independent of
any other degree of freedom of the particles apart their spatial
location.
Appendix B: Spatial distribution of particle wave packets
Consider the prepared state |Ψ〉 = |ψD ↑, ψ′D ↓〉, with
|ψD〉 = l |ψL〉+ r |ψR〉 , |ψ′D〉 = l′ |ψ′L〉+ r′ |ψ′R〉 (B1)
where |l|2+|r|2 = 1, |l′|2+|r′|2 = 1, and |ψX〉, |ψ′X〉 (X = L,
R) are the two particle wave packets located in the operational
region X. With the self-evident assumption that |ψD〉 and |ψ′D〉
cannot locate in only one measurement region simultaneously,
that is l = l′ = 1 or l = l′ = 0 do not occur, we have:
• Zero spatial indistinguishability. This case occurs when
the two wave packet distributions remain spatially sep-
arated, that is when l = r′ = 1 (0), giving |ψD〉 = |ψL〉
(|ψR〉) and |ψ′D〉 = |ψ′R〉 (|ψ′L〉). Here the degree of
remote spatial indistinguishability of Eq. (A2) is clearly
zero, I = 0, and the distributed state after sLOCC,
coming from Eq. (2) of the main text, is the product
state |ΨLR〉 = |L ↑,R ↓〉 (|L ↓,R ↑〉).
• Partial spatial indistinguishability. For 0 < l, l′ <
1, the spatial distributions |ψD〉 and |ψ′D〉 are linear
combinations of the particle wave packets being si-
multaneously in L and R with different weights. This
leads to an intermediate value of the degree of spatial
indistinguishability, 0 < I < 1, as depicted in
Figure 1b of the main text. The distributed state |ΨLR〉
obtained by sLOCC is that of Eq. (2) of the main text.
• Maximum spatial indistinguishability. This case occurs
when the two particle wave packets |ψD〉 and |ψ′D〉
are equally distributed in the two operational regions,
that is with equal moduli of the probability amplitudes
to be located in the same regions. This means that
|l| = |l′| (and thus |r| = |r′|). In this case the degree of
remote spatial indistinguishability is maximum, I = 1
and the distributed state of Eq. (2) of the main text is
the maximally entangled state |Ψ±LR〉 = (|L ↑,R ↓〉 ±
|L ↑,R ↓〉)/√2. A special case is retrieved when |l =
|l′| = |r| = |r′| = 1/√2, for which this state |Ψ±LR〉
is generated with maximum probability (PLR = 50%)
from |Ψprep〉.
Summarizing, by controlling the spatial distribution of
the wave packets |ψD〉 and |ψ′D〉, we can design different
configurations with various degrees of remote spatial indis-
tinguishability, continuously ranging from I = 0 to I = 1.
Appendix C: Experimental preparation
For the sake of convenience, we report here again in Fig. 5
the sketch of the experimental setup together with its detailed
description in the caption.
Two photons with the wavelength 800nm from pump-
ing a BBO crystal are emitted in the product state |Ψ〉 =
|ψH,ψ′V 〉 ≡ |ψH〉 ⊗ |ψ′V 〉, where H ≡↑ and V ≡↓.
The corresponding experimental reconstructed matrices of
8FIG. 5. Sketch of the experimental setup. a. Two initially-independent (uncorrelated) photons from a BBO crystal with polarization |H〉
(↑) and |V 〉 (↓), respectively, are collected separately by two single-mode fibers via fiber couplers (FCs). The control of the spatial wave
function of each photon is realized by the sequence of a half-wave plate (HWP1, HWP2), a polarization beam splitter (PBS) and a final HWP
at 45◦ placed before L, which leaves the initial polarization of each photon unchanged. Wave packet distributions ψD and ψ′D, in which the
photons share the same wavelength, are marked as the blue and red colors, respectively, to differentiate. In each region L and R one beam
displacer (BD), made by a calcite crystal which separates the input beam into two with orthogonal polarization, is here used to make the photon
paths meet at the detection level. The inset displays the unit of polarization analysis detection (PAD) at the final detection placed in L and
R, consisting of a quarter-wave plate (QWP), a HWP and a PBS before the single-photon detector (SPD). A coincidence device (CD) (not
shown in a) deals with the electrical signals of the two SPDs and outputs the coincidence counting. b. Experimental illustration of quantum
teleportation. The photons in L are sent to perform the Bell state measurement (BSM) and meanwhile the PAD here which is marked by the
dashed frame is removed. One of the photon pair generated by pumping another BBO is prepared as the state to be teleported, while the other
photon detected directly is treated as the trigger signal. BSM is implemented with a PBS followed by two HWPs at 22.5◦ and PBSs. The
signals from two SPDs are processed by a CD to coincide with the signals from R and trigger.
this initial state are presented in Fig. 6a with a very high
fidelity (99.9± 0.1)%. It is then verified that the two photons
are initially completely uncorrelated. Each photon is then
collected in a single-mode fiber via fiber couplers. In this
experiment, the single-mode fiber generates an intensity shape
(spatial mode) of each photon with TEM (transversal electric
magnetic) 00 mode, as shown in Fig 6b.
Before carrying on the main experiment for the continuous
tuning of the degree of remote spatial indistinguishability of
the two photons, we perform the usual two-photon interfer-
ence and employ the visibility of Hong-Ou-Mandel (HOM)
dip [43] to character the identity of the photons. Fig. 7 shows
the setup for the HOM measurement. Fitting HOM dip data
with a Gaussian function G(x) = a (1 − d e−b (x−c)2), the
parameters a, b, c, d are determined. The visibility of HOM
dip is defined as V = (Gmax−Gmin)/Gmax = d and obtained
with a value of about 97.7%, which clearly reveals the identity
of the employed operational photons.
A series of target states |Ψprep〉 = |ψDH,ψ′DV 〉 are
then prepared by controlling the spatial distribution |ψD〉 and
|ψ′D〉 of each photon wave packet towards the two separated
operational regions L and R (see Fig. 5a). These distributions
are determined by adjusting the angles of HWP1 and HWP2.
Notice that the operation of a HWP on the photon polarization
with an angle θ with respect to the optical axis can be written
as
(
cos 2θ sin 2θ
sin 2θ − cos 2θ
)
. As shown in Fig. 5a, by setting HWP1
at (pi/2 − α)/2, the photon in |ψ〉 with polarization |H〉
changes to sinα |H〉 + cosα |V 〉. Since the PBS transmits
|H〉 polarization and reflects |V 〉 polarization, we have |V 〉
before L which should be instead |H〉 (the photon polarization
has to remain invariant along the setup). Thus, before
the detection device in L, a HWP at 45◦ is used to flip
|V 〉 to |H〉. As a result, the initial single-photon state
|ψH〉 is spatially distributed in a controlled manner by the
linear combination |ψDH〉 = cosα|ψLH〉 + sinα|ψRH〉.
Following the same method with HWP2 at −β/2, it is
immediate to see that the other initial single-photon state
|ψ′V 〉 is spatially distributed by the linear superposition
|ψ′DV 〉 = sinβ|ψ′LV 〉 + cosβ|ψ′RV 〉. Since the spatial and
polarization degrees of freedom are independent, the setup
eventually distributes each photon wave packet towards the
two operational regions
|ψ〉 → |ψD〉 = cosα|ψL〉+ sinα|ψR〉,
|ψ′〉 → |ψ′D〉 = sinβ|ψ′L〉+ cosβ|ψ′R〉. (C1)
These spatial states for the photons are the same of those
of Eq (B1), predicted by the theoretical scheme, with the
associations l = cosα, r = sinα, l′ = sinβ and r′ = cosβ.
9FIG. 6. a. Experimental tomography of the initial state
|ψH,ψ′V 〉 ≡ |ψH〉 ⊗ |ψ′V 〉 of the two photons from BBO crystal
with a high fidelity (99.9±0.1)%. Two subgraphs show the real and
imaginary parts of the density matrix, respectively. b. The intensity
distribution of photon with TEM (transversal electric magnetic) 00
mode generated from the single-mode fiber. c. The HOM dip of
the two-photon interference. The counts are obtained in 5 seconds
with the pumping power 30 mW. The blue dots are the experimental
results. And the red curve presents the fitting Gaussian function Gx.
FIG. 7. Experimental illustration of HOM measurement. The first
polarization beam splitter (PBS) combines two photons which are
in the polarization |H〉 (spin up) and |V 〉 (spin down), respectively.
One photon is placed on a movable stage to scan the position. The
photons are detected by two single photon detectors (SPD) after a
half-wave plate (HWP) at 22.5◦ and a second PBS. The coincidence
device (CD) analyzes the signals from two SPDs and outputs the
coincidence counting.
Appendix D: More experimental results
As mentioned in the main text and in the section above, via
changing the values of α and β of HWP1 and HWP2, respec-
tively, a series of |Ψprep〉 with different spatial distributions
of the wave packets, and thus of the degree of (remote) spatial
FIG. 8. Results for spatially separated wave packet distributions. a.
The two panels correspond to the real and imaginary part of |ΨLR〉,
respectively, for α = β = 0. The fidelity is (99.4 ± 0.1)%. b.
The two panels correspond to the real and imaginary part of |ΨLR〉,
respectively, for α = β = pi/2. The fidelity is (99.8± 0.1)%.
FIG. 9. Results for wave packet distributions sharing only one
operational region. a. Real and imaginary part of |ΨLR〉 with
α = pi/4 and β = pi/2, with the fidelity (99.2± 0.1)%. b. Real and
imaginary part of |ΨLR〉 with α = pi/4 and β = 0 with a fidelity
(99.1± 0.1)%.
indistinguishability I, are prepared by the setup. The angles
α and β are both fixed at the beginning of each experiment
and the corresponding values are obtained from the rotated
devices in which the HWPs are mounted. To describe the
experimental results more accurately, the angles’ values are
adjusted to increase the fidelity of the experimental state
compared with the desired state. In fact, as |Ψprep〉 owns two
unknown parameters, namely α and β, there will be several
groups of solutions of α and β. Thus, it is necessary to fix one
10
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FIG. 10. Experimental results of probability of |ψ′D〉 in L. The black
line represents theoretical prediction while the red points are the
experimental results.
angle first. Here, α is directly read from the mounted device
and the value is fixed at α = pi/4 in the experiment. While
the other angle β is modulated in order to increase the fidelity
and the corresponding value is estimated around the display
of its mounted device.
When α = β = 0 (pi/2), the two spatial distributions |ψD〉
and |ψ′D〉 of Eq. (C1) are separated, each one going to only one
operational region. The two photons can be thus distinguished
by their spatial locations, I = 0 and the distributed state
|ΨLR〉 obtained by sLOCC is uncorrelated in theory (see
Sec. B above). The experimental results are presented in Fig. 8
and strongly confirm the theoretical prediction.
The condition of zero entanglement is also retrieved when
the two spatial distributions of the wave packets share only
one of the two operational regions. In this case, one of α, β is
0 (pi/2). Assuming the parameter α takes one of these values,
one has sinα cosα = 0 and thus sinβ cosβ 6= 0. Fixing
α = pi/4, this configuration is retrieved when β is set at 0
or pi/2. The corresponding results are shown in Fig. 9 and
confirm the theoretical predictions.
Fixing α = pi/4, we study the distribution of |ψ′D〉 in the
operational regions L and R. Here, we choose the probability
that the wave packet |ψ′D〉 is located in L to character the
distribution, the theoretical prediction being sin2 β. The
corresponding results are shown in Fig. 10 and significantly
confirm the theoretical curve.
We have pointed out in the main text that the particle
paths need to meet (overlap) only at the detection level,
in each local region L and R, to ensure the remote spatial
indistinguishability of particles. This is realized by exploiting
a single mode fiber, as also mentioned in the main text. To
check this, we perform other measurements for the case when
the photon paths remain separated at the detection level. For
this case, it is clear from standard quantum mechanics that
the particles can be distinguished with the disappearance of
quantum interference effect. Remote entanglement is not
FIG. 11. Experimental results for separated photon paths at the
detection level, showing the real and imaginary part of the distributed
state.
-400 -200 0 200 400
0
400
800
position (  m)
FIG. 12. Experimental results of temporal overlap between the
photons from L and L’ with the four-photon interference. The red
points and curve represent the results by measuring |Φ+LL′〉 and the
fitting Gaussian function, respectively. While the blue points and
curve stand for the results of |Φ−LL′〉 and the corresponding fitting
results, respectively. The counts are collected in 1200 seconds
with pumping power 140mW, and shown without the background
subtraction.
expected anymore. To demonstrate this other situation at the
detection level, we remove the fiber coupler before HWP2
(see Fig. 5 above) transversely and replace the single mode
fiber placed before single-photon detector with a multimode
fiber. We set α = β = pi/4 for simplicity and the
corresponding experimental results are presented in Fig. 11.
The distributed resource state thus results to be the (unentan-
gled) maximally mixed state ρLR = (|LH,RV 〉 〈LH,RV | +
|LV,RH〉 〈LV, RH|)/2.
Appendix E: More experimental results on quantum
teleportation process
We investigate the temporal overlap between one of the two
identical photons coming from from the operational region
L and an additional (distinguishable) photon coming from L’
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FIG. 13. Experimental reconstruction of the teleported states |φexp〉.
a, b, c, d, e and f correspond to the density matrices of |H〉, |V 〉,
|+〉, |−〉, |φ−〉, |φ+〉, respectively. In each panel, the upper (lower)
subgraph represents the real (imaginary) part of the density matrix.
FIG. 14. The quantum process matrix of quantum teleportation.
Experimental reconstruction of quantum process matrix χ for the
teleportation protocol. a, b show the real and imaginary parts of χ,
respectively. Here, I is identity matrix σ1 and X , Y , Z correspond
to σx, σy , σz , respectively.
(same lab region) in the Bell state measurement (BSM), which
is verified with the interference in four-photon coincidence.
As illustrated in Fig. 5b, by setting two HWPs at 22.5◦, the
measurement of the Bell state |Φ+LL′〉 is performed in BSM.
If we set one of the two HWPs at 22.5◦ and the other HWP
at −22.5◦, the Bell state |Φ−LL′〉 is instead measured. By
changing the position of the fiber coupler in L’, we are able
to scan the temporal overlap between L and L’. The data
are obtained by measuring Bell states |Φ+LL′〉 and |Φ−LL′〉 and
presented as red and blue points in Fig. 12, respectively. The
red points are fit with a Gaussian function G(x) = a (1 +
d e−b (x−c)
2
), while the blue ones are fit with a Gaussian
function G(x) = a (1 − d e−b (x−c)2). A visibility about
87.9% is obtained by determining d.
For the six prepared states of the additional qubit to be
teleported, namely |H〉, |V 〉, |±〉 , |φ±〉 (see main text for
their expressions), the corresponding teleported state ρexp
is reconstructed via performing tomographic measurements.
The results are shown in Fig. 13.
To characterise quantum teleportation of the photon state
from L’ to R, we make the tomographic analysis of the process
and reconstruct its matrix χ [54]. Here, χ is defined with
ρexp = Σ
4
i, j=1 χij σi · ρprep · σj where σ1 = I and
σ2,3,4 = σx,y,z , which in the ideal case gives χ11 = 1 with
all the other elements equal to 0 [55]. By assuming χ with
several unknown parameters and comparing the experimental
results of ρprep and ρexp, we can calculate the elements of χ.
The experimental results are shown in Fig. 14 with a fidelity
Fχ = (79.4± 1.6)%.
